We provide an investigation of the P -wave hyperons employing the field correlator method in QCD. This method allows to derive the Effective Hamiltonian successfully applied to the meson and ground state baryon spectra. The hyperon spectrum appears to be expressed through two parameters relevant to QCD, the string tension σ, the strong coupling constant α s , and the bare strange quark mass m s . Using these parameters a unified description of the ground and excited hyperon states is achieved. We also briefly consider the nucleon P -wave excitations. In particular, we predict that both the nucleon and hyperon states have the similar cost (in ∆L) ∼ 460 MeV.
Introduction
The advent of new ideas concerning quark-quark forces in QCD have led to revival of interest in baryon spectroscopy. The spectroscopy of heavy baryons has undergone a great renaissance in recent years, providing an exceptional window into tests of QCD, see e.g. [1] . As to the "old" Ξ resonances, which we consider in this paper, nothing has changed since 1996. In the last Particle Data Group review [2] five resonances remain stuck with the same one star * or two stars * * , meaning doubtful 1 . Most of the spin-parity values of Ξ have not been measured but have been assigned in accord with expectation 1 The ambitious program of Ξ spectroscopy has been proposed at JLab [3] , but we do not have any finished results so far.
of the theory. Besides, knowledge of excited states is very much limited. Therefore, a powerful guideline for assigning quantum numbers to new states is required both by theory and experiment.
The reproduction of the baryon mass spectrum from first principles is an important challenge for QCD. Ground state spectroscopy on the lattice is by now a well understood problem and impressive agreement with experiments has been achieved. However, the lattice study of excited states is not so advanced, see [4] and references therein. The purpose of this paper is to present a consistent treatment of the P -wave hyperons within the alternative method in QCD, the field correlator method (FCM) [5] . The similar analysis of heavy c − and b − baryons will be given elsewhere [6] .
In the FCM one derives the Effective Hamiltonian (EH), which comprises both confinement and relativistic effects, and contains only universal parameters: the string tension σ, the strong coupling constant α s , and the bare (current) quark masses. The simple local form of this Hamiltonian occurs for the objects with temporal scale larger than the vacuum gluon correlation scale T g ∼ 0.2 fm, i.e. it is applicable to all states, perhaps with an exception of bottomonium. There is a lot of calculations of masses and wave functions of light mesons heavy quarkonia and heavy-light mesons [7] , but only a few for S-wave baryons [8] . The present investigation was initially motivated as an attempt to extend an approach of Refs. [8] for the P − wave low-lying orbitally excited baryons. As in Ref. [8] , we compute only the confinement energies (corrected by the perurbative one gluon exchange potential) and disregard the spin-spin and spin-orbit interactions.
The paper is organized as follows. In Section 2 we briefly review the EH method. In Section 3 we consider the hyperspherical approach which is a very effective numerical tool to solve the EH. In Section 4 our predictions for the P-wave nucleons and strange baryons are reported and compared with the results of other approaches. Section 5 contains our conclusions.
The Effective Hamiltonian in FCM
The application of the method for the baryons was described in detail elsewhere [8] . Here we give only a brief summary important for this particular calculation.
The EH has the following form:
Here H 0 is the nonrelativistic kinetic energy operator and V is the sum of the string potential V Y (r 1 , r 2 , r 3 ) and a Coulomb interaction term arising from one gluon exchange.
The string potential considered in this work is
where σ is the string tension and r min is the minimal length string corresponding to the Y-shaped configuration. In this picture, strings start from each quark and meet at the Toricelli point of the triangle formed by the three quarks. This point is such that it minimizes the sum of the string lengths, and its position is a complicated function of the quark coordinates r i . The Coulomb interaction is
where α s is the strong coupling constant and r ij are the distances between quarks.
In Eq. (1) m i are the bare quark masses, while µ i are the constant auxiliary einbein fields, initially introduced in order to get rid of the square roots appearing in the relativistic Hamiltonian [9] . The dynamics remains essentially relativistic, though being non-relativistic in form. The einbein fields are eventually treated as variational parameters. The eigenvalue problem is solved for each set of µ i , then one has to minimize H with respect to µ i . Such an approach allows one a very transparent interpretation of einbeins: µ i can be treated as constituent masses of quarks of current mass m i . In this way the notion of constituent masses arises.
The baryon mass is then given by formula
where E 0 (m i , µ i ) is an eigenvalue of the operator H 0 + V, µ i are defined from the condition
and C is the quark self-energy correction which is created by the color magnetic moment of a quark propagating through the vacuum background field [10] . The effect of the quark self-energy is to shift the mass spectrum by a global negative amount 2 :
where 1/T g is the gluon correlation length. In this paper we use T g = 1 GeV. The function η(t) is defined as
where K 1 is the McDonald function. The straightforward calculation yields
Note that η(0) = 1 and η(t) ∼ 2/t 2 as t → ∞. For the values of the bare strange quark mass m s = 100 MeV and 175 MeV used in this paper η s = 0.9486 and 0.8882, respectively.
3. Hyperspherical formalism. Outline of the calculation.
In this section, we briefly review the hyperspherical method, which we use to calculate the masses of the ground and excited hyperon states.
The baryon wave function depends on the three-body Jacobi coordinates
(i, j, k cyclic), where µ ij and µ ij,k are the appropriate reduced masses
µ 0 is an arbitrary parameter with the dimension of mass which drops off in the final expressions. The coordinate ρ ij is proportional to the separation of quarks i and j and coordinate λ ij is proportional to the separation of quarks i and j, and quark k. There are three equivalent ways of introducing the Jacobi coordinates, which are related to each other by linear transformations with the coefficients depending on quark masses and Jacobian equal to unity. In what follows we omit indices i, j.
In terms of the Jacobi coordinates the kinetic energy operator H 0 is written as
where R is the six-dimensional hyperradius,
Ω denotes five residuary angular coordinates, and L 2 (Ω) is an angular operator
whose eigenfunctions (the hyperspherical harmonics) satisfy
with K being the grand orbital momentum.
In terms of Y [K] the wave function ψ(ρ, λ) can be written in a symbolical shorthand as
where the set [K] is defined by the the orbital momentum of the state and the symmetry properties. We truncate this set using the approximation K = K min (K min = 0 for L = 0 and K min = 1 for L = 1). The corresponding hyperspherical harmonics are
and
The normalization coefficients in (18) are easily calculated using the relations
where dΩ = dn ρ dn λ sin 2 θ cos 2 θ dθ.
For Λ and Σ we use the uds basis in which the strange quark is singled out as quark 3 but in which the non strange quarks are still antisymmetrized. In the same way, for the Ξ we use the ssq basis with q standing for u or d quarks, in which the non strange quark is singled out as quark 3. The uds basis states diagonalize the confinement problem with eigenfunctions that correspond to separate excitations of the non strange and strange quarks (ρ -and λ -excitations, respectively). The nonsymmetrized uds or ssq basis usually provides a much simplified picture of the states. In particular, excitation of the λ variable unlike excitation in ρ involves the excitation of the "odd" quark (s for Λ, Σ or q for Ξ).
We introduce the reduced function u γ (R) (γ = 0 for L = 0 and γ = ρ or λ for
3 In what follows we do not write explicitly the magnetic quantum numbers of the vector hyperspherical harmonics.
and average the interaction U = V C + V string over the six-dimensional sphere Ω with the
where
In Eq. (21)
In what follows we denote
The straightforward analytical calculation of the integrals in Eq. (25) yieldŝ
while the corresponding expressions for the string potential are more complicated. We relegate the details of the numerical procedure used to calculate theb γ in Eq. (24) to Appendix.
For the doublet spin states one can introduce another possible basis corresponding to the fact that the P -wave hyperons contain both positive and negative parity two-quark subsystems. New basis states are given by the linear combinations
RESULTS
In this Section we present the results obtained for, qqs and ssq baryons. As already stated, we disregard the hyperfine interactions which give spin-doublet -spin-quartet splittings and the spin-orbit interactions, which describes the fine structure of states.
Note that with its attractive δ-function, the hyperfine interaction produces effects which are must stronger than those one would obtain from the lowest order perturbation theory, in which the Λ and Σ hyperons are almost degenerate. The large hyperfine effects in ∆ − N or Σ − Λ splittings are usually described by the smeared δ-function [11] and/or meson exchanges between quarks (see e.g. [12] ), and generally require additional modeldependent assumptions about the structure of interquark forces.
We do not perform a systematic study in order to determine the best set of parameters σ, α s and m s to fit the hyperon spectra. Instead, we employ some typical values of σ and We begin with the discussion of thestates with L P = 0
we use the spin-angular functions (31). In Table 1 we display the nucleon masses for the three choices of α s : 0.39, 0.5 and 0. MeV (shown in Table 2 ) have been previously obtained in [8] , and we quote the (slightly updated) results here for comparison.
and 1613 MeV, respectively. The excitation energies only weekly depend on α s : cost (in ∆L) is 469 MeV for α s = 0.39, 472 MeV for α s = 0.5, and 482 MeV for α s = 0.6.
The qqs and ssq states which belong to the octet are structurally identical to the nucleon: only one and two, respectively, of the light quarks are replaced by a strange quark. Consequently, the analysis of these states and the results are only a variation of what has been found for the nucleon system. (Λ + Σ + 2 Σ * ) exp = 1267 MeV. Table 3 displays our main results for the ρ and λ excitations of the P wave qqs and ssq hyperons. As in Table 2 we present here the dynamical quark masses, zero-order eigenenergies and the hyperon masses for m s = 100 and 175 MeV. The dynamical quark masses µ i corresponding to the excitations ρ and λ are somewhat different. This is not surprising because these quantities can be considered as the average kinetic energies of the current quarks, which are larger for the quarks in the P-wave and smaller for the quarks in the S-wave. The eigenenergies E 0 of the ρ and λ excitations are degenerate, the masses of the corresponding states are nearly degenerate: they differ no more than 10 MeV 5 . This difference is due to the difference of the dynamical masses µ i which enter the mass formula (4) and the self energy contribution (6).
In Table 4 we present the zero-order qqs and ssq masses calculated for the mixture of the ρ and λ excitations, Eq. (31), for m s = 100 MeV. Comparing the results with those of Table 3 we observe again the same eigenenergies E 0 and slightly different hyperon MeV both for Σ and Ξ and also coincide with the excitation energies for the nucleon.
The discrepancy of the results shown in Tables 1-4 with the experimental ones hints that it is the chiral physics, missing our approach, that could shift nucleon and Λ states down [14] . However, the chiral effects are less important for the Σ states. Therefore we identify two approximately degenerate qqs excited states of negative parity with the P-wave Σ resonances. The PDG [2] lists D 13 , S 11 and D 15 resonances with I = 1, We finally remark that our result for the negative parity ground state in the Ξ channel M(L = 1) = 1781 MeV exactly agrees with the recent finding from the lattice quenched calculation [4] . The other theoretical predictions for this state are listed in Table 5 .
Conclusions
In this paper we have extended our previous study of the ground states of the, qqs and ssq baryons to the description of their first angular excitations. We use the EH method.
The three-quark problem has been solved using the hyperspherical approach. For each baryon we have calculated the dynamical quark masses µ i from Eq. (5) The relative distances r ij in (A.1) are expressed in terms of the Jacoby coordinates:
where cos χ = n ρ n λ . Substituting these expressions into (A.1), one obtains
If ϕ ijk is equal to or greater than 2π/3, the lowest energy configuration has the junction at the apex connected with quark j:
Accordingly, in the θ − χ plane one should distinguish the four regions:
(ii) region II: cos ϕ 312 ≤ − 1/2, χ ≥ 6) while the boundary between regions I and IV is given by
The constantsb γ in Eq. (24) are expressed in terms of the four integrals: 8) or, in the explicit form,
where Glozman-Riska model [14] , large N c analysis [16] , algebraic model [17] , QCD sum rules [18] , and the Skirm model [20] . The question mark in the last column means that the J P quantum numbers are not identified by PDG. The mass is given in the unit of MeV.
